u C]iodoantipyrine autoradiography, we measured regional cerebral blood flow in unanesthetized gerbils subjected to 2 (n=5) or 30 (n=6) minutes of bilateral carotid artery occlusion or 5 (n=6), 30 (n=6), or 120 (n=5) minutes of reflow after 30 minutes of occlusion. Blood pressure, respiratory rate, and blood gases were recorded, and these and other gerbils were evaluated with periodic neurologic examinations. Blood flow to structures above the level of the diencephalon ceased almost totally during occlusion. The lateral thalamus, the rostral three quarters of the hypothalamus, and the superior colliculi were also markedly ischemic Blood flow to the brainstem and cerebellum was only slightly affected. After release of the occlusion, blood flow was restored in some of the affected areas but to levels somewhat below that in eight sham-operated gerbils. In several areas, principally column-shaped areas in the cortex as well as patchy areas in other structures, blood flow did not recover. This inhomogeneous blood flow distribution lasted at least 30 minutes after release of the occlusion. Thereafter, the inhomogeneity slowly disappeared in such a manner that blood flow to originaUy well reperfused areas appeared to decrease while that to poorly reperfused areas increased. During reflow, blood flow in the brainstem and cerebellum slowly and continuously decreased. We show that there is an early no-reflow phenomenon that is inhomogeneous and appears to be of 
M ongolian gerbils (Meriones unguiculatus)
provide a convenient model to study brain ischemia since they lack a complete circulus arteriosus cerebri.
1 " 8 Consequently, bilateral carotid artery occlusion induces virtually complete forebrain ischemia in them. The exact border between well and poorly perfused areas, however, has not been quantified. Postischemic reperfusion can also be conveniently studied in this model. Weinberger and Nieves-Rosa 8 found decreased reflow in a gerbil model of unilateral carotid artery occlusion. A quantitative examination of regional cerebral blood flow following bilateral carotid artery occlusion, however, is not available.
All incisions were sutured, the anesthesia was discontinued, and the gerbil was loosely taped onto a plastic holder. Since most animals developed a postoperative metabolic acidosis, up to 0.3 ml bicarbonate (45.6 meq/50 ml) was administered as a very slow (<0.1 ml/min) intravenous infusion. The gerbils quickly recovered from anesthesia and were awake at the time of study. Only animals with a mean arterial blood pressure of >80 mmHg that were alert and normal on the initial neurologic examination (see below) 15 minutes after surgery were included in the study of regional cerebral blood flow. The observation period after surgery lasted from 60 to 120 minutes.
Before occlusion, the gerbils received 20-40IU i.v. heparin to prevent blood clotting. Both carotid arteries were occluded by pulling on the elastic threads and fixing them in a taut position; blood flow was studied after 2 (n=5) and 30 (n=6) minutes of occlusion. After 30 minutes of occlusion, the threads were removed to allow reflow and 0.2% lidocaine solution was injected into the tube to aid in the reopening of the vessel. To limit the extent of a sudden drop in arterial blood pressure that generally follows release of carotid artery occlusion, 0.5-1.5 ml of 6% dextran 70 was given as a slow intravenous infusion at a rate not exceeding 0.2 ml/min; the maximum amount administered was 1.5 ml/100 g body wt. Blood flow was studied after 5 (n=6), 30 (/i=6), or 120 (n=5) minutes of reflow. Five gerbils exhibited gasping behavior (deep, infrequent breaths in the first few minutes of occlusion). Blood flow was studied in three of these animals. In eight shamoperated control gerbils blood flow was measured at comparable times (two gerbils at each time point), at least 60 minutes after surgery.
Rectal temperature was continuously measured in all gerbils and kept at 37° C with a servo-controlled heat lamp. Blood pressure was measured continuously from the tail artery, and blood gases were determined before infusion of the isotope. In addition, respiratory rate was recorded throughout the study.
A neurologic examination was carried out on all surviving gerbils every 15 minutes following surgery. This examination included pain reflexes in the hind paws, back, and gluteal area; pain reflexes in the earlobes and nose; the shudder in response to sudden noise reflex; eyelid, corneal, and pupillary reflexes; the chewing reflex; and direction-dependent orientation in response to simple visual, tactile (whisker), and auditory stimuli. Visible convulsions, when they occurred, were recorded. The five gerbils studied after 120 minutes of reflow were removed from the plastic holder 20 minutes before the blood flow study, and the ability of the animal to right itself after being placed on its back (posture restoration) as well as placing and hopping were examined.
Regional cerebral blood flow was measured using the method described by Reivich et al 9 and modified by Sakurada et al 10 ; 10-20 fid [ 14 C]iodoantipyrine (Du Pont Co., Boston, Massachusetts) was diluted in 0.5 ml physiological saline and infused into the femoral vein over 20-40 seconds using a continuousflow pump (Sage Instruments, Cambridge, Massachusetts). Blood samples were taken from the tail artery catheter during the infusion using 10 pm capillary pipettes (Becton Dickinson, Rutherford, New Jersey). The samples were spotted onto filter paper and allowed to dry, and the spots were then placed into 10-ml scintillation vials with 1.0 ml distilled water and 9.0 ml Bray's solution. The samples were counted in a scintillation counter (Tri-Carb, Packard Instrument Co., Inc., Downers Grove, Illinois), and the counting efficiency was determined by internal standardization.
At the end of the isotope infusion the gerbil was decapitated and the brain was quickly removed and frozen in liquid Freon at -50° C. The frozen brains were sectioned coronally, and 20-^tm-thick sections cut at 200-^.m intervals were dried on a hot plate at 65° C and placed in apposition to x-ray film (SB5, Eastman Kodak Co., Rochester, New York) for 7 days along with [ 14 C]methyl methacrylate plastic calibration standards.
For structure identification, Craigie's Neuroanatomy of the Rat 11 and the rat brain atlas of Konig and Klippel 12 were used. Optical density of the autoradiographic images of each structure of interest was measured at least six times with a densitometer (Gamma Scientific, San Diego, California) using a 100-/im-diameter spot of light. An on-line computer program compared the optical densities of the autoradiographic images with those of the standards and computed tissue isotope concentrations along with regional cerebral blood flow as described by Reivich et al. 9 Mean values for each structure were calculated from readings in multiple sections. When the isotope distribution in a structure was inhomogeneous, well and poorly perfused areas of the structure were read separately.
Results are given as mean±SEM. Blood flows to separate brain structures during occlusion and reflow were compared with blood flows in the shamoperated controls using the unpaired t test. Differences between groups were tested using a t statistic in which Bonferroni's correction for multiple comparisons was used. Significance was assumed at/><0.05.
Results
Survival rates, mean arterial blood pressure, respiratory rates, and blood gas values are shown in Figure 1 . After 30 minutes of bilateral carotid artery occlusion 46 of 62 (74%) of the gerbils were still alive, while only 25 of 44 (57%) survived 30 minutes of reflow, and 11 of 35 (31%) survived 120 minutes of reflow. Survival rates were calculated as the ratio of the number of surviving gerbils to the total number of gerbils originally scheduled for longer study. Mean arterial blood pressure in the control group was 94.4±3.0 mm Hg, and during the first minutes of occlusion it rose to a maximum of 147.0±6.7.0 mm Hg. At the time of the blood flow studies after 2 and 30 minutes of occlusion, mean arterial blood pressure was 115.0±5.0 and 87.7±11.8 mmHg, respectively. Upon release of the occlusion it decreased to a minimum of 55.7±10.0 mm Hg; by the time of the blood flow studies after 5, 30, and 120 minutes of reflow, mean arterial blood pressure was 66.4±8.0, 72.0±9.0, and 78.6±6.7 mmHg, respectively. Respiratory rate also showed characteristic changes during occlusion and reflow, while changes in the blood gas parameters were unremarkable.
Results of the neurologic examination are summarized in Figure 2 . Clonic seizures were observed in all gerbils during the first minutes of occlusion; by 30 minutes of occlusion seizures were observed in half the animals. These seizures were generally short clonic seizures lasting only a few seconds. The frequency of the seizures as well as the percentage of gerbils showing seizures increased during the first 15 minutes of reflow then decreased. All gerbils were alert and showed direction-dependent orientative movements of the head in response to visual, acoustic, and tactile stimuli before occlusion; no gerbil regained this alert state after occlusion. The complex reflex of posture restoration was absent in all gerbils studied after 120 minutes of reflow. Shudder in response to sudden noise was present in only 11% of the animals after 30 minutes of occlusion; this reflex showed a characteristic improvement during reflow such that by 30 minutes it could be elicited in 79% of the animals. The chewing reflex disappeared after occlusion but was observed in two of 11 gerbils studied after 120 minutes of reflow. Pain reflexes remained positive in the head in 22% and in other parts of the body in only 4% of the gerbils after 30 minutes of occlusion, with characteristic improvement during reflow. Maximum percentages of gerbils with positive pain reflexes were found after 30 minutes of reflow, when 100% of the gerbils demonstrated positive cephalic and 70% demonstrated positive body and paw pain reflexes. The pupils dilated widely and were unreactive to light in all gerbils during occlusion; a few seconds after release of the occlusion the pupils characteristically constricted and remained constricted in all animals throughout the study (data not shown). Corneal and eyelid reflexes were positive in only 6% of the animals after 30 minutes of occlusion; release of the occlusion resulted in a characteristic improvement of these reflexes such that after 30 minutes reflow they were positive in 86% of the gerbils.
During bilateral carotid artery occlusion, blood flow to the forebrain structures decreased to practically 0 ml/g/min ( Figure 3 , Table 1 ). There appeared to be some accumulation of the radiotracer on the surface of the forebrain cortex as well as around the ventricles. The medial thalamus and mamillary body had relatively good circulations and the brainstem and cerebellum showed no deterioration in blood flow during occlusion ( Figure 3 , c and d, Table 1 ). In five gerbils, gasping respiratory movements were observed during the first minutes of occlusion; none of these animals survived 30 minutes of occlusion. Blood flow studies in three gasping gerbils showed a cessation of blood flow to large parts of the pons and medulla, with the cerebellum only marginally affected (Figure 3e ).
After 5 minutes of reflow, not all brain areas were reperfused. Extensive nonperfused areas included patchy areas or columns in the cortex as well as in subcortical structures (Figure 3f ). Blood flow in the cerebellum and brainstem, however, remained at the preocclusive level (Figure 3g ). After 30 minutes of reflow, the nonperfused areas were less extensive and consisted mainly of a few unperfused columns (Figure 3, h and i) . After 120 minutes of reflow, the nonperfused columns and patchy areas had disappeared, but a general reduction of blood flow per- Table  1 . Blood flow remained close to 0 ml/g/min in ah 1 cortical structures, as well as in the hippocampus, gyrus dentatus, septal nucleus, nucleus accumbens, nucleus caudatus putamen, globus pallidus, and telencephalic white matter. Blood flow in the occipital cortex, for example, decreased from 2.25 ml/ g/min before occlusion to 0.02 ml/g/min after 30 minutes of occlusion.
In the well-reperfused areas blood flow increased soon after release of the occlusion, albeit to values still significantly lower than those in the controls, while in the poorly reperfused areas blood flow remained very low. The difference between well and poorly reperfused areas had disappeared by 120 minutes of reflow, with blood flow in the originally well-reperfused areas deteriorating, while that in the poorly reperfused areas increased.
The border between brain territories supplied by the isolated carotid and vertebral systems lies between the medial and lateral thalami and at the caudal quarter of the hypothalamus (Figure 3 , Table  1 ). During occlusion the mamillary bodies and the medial thalamus were well supplied, while blood flow to the lateral thalamus and the rostral part of the hypothalamus was very low.
After release of the occlusion, circulation of the lateral thalamus improved while that of the medial thalamus deteriorated. After 120 minutes of reflow, blood flows in the lateral and medial thalami were similar but significantly less than control. Cerebellar structures are supplied by the vertebral system and were hardly affected by bilateral carotid artery occlusion ( Figure 3d , Table 1 ). Following release of the occlusion, however, there was a homogeneous deterioration of blood flow to the cerebellum, developing after approximately 30-120 minutes. In the brainstem, the border between areas supplied by the carotid and vertebral systems lies between the superior and inferior colliculi (Table 1) . Brainstem structures below this level were only marginally affected by occlusion. Gasping gerbils, however, exhibited deteriorated blood flow in the brainstem (Figure 3e , Table 1 ). As was the case for the forebrain, upon release of the occlusion blood flow to many brainstem structures deteriorated.
Discussion
Regional cerebral blood flow measured during bilateral carotid artery occlusion in unanesthetized gerbils clearly shows that blood flow becomes extremely low in territories supplied by the carotid arteries ( Figure 3 ). This is in good agreement with earlier reports, showing a lack of communication between the carotid and vertebral systems in gerbils.
1 - 8 The appearance of radiotracer in these regions in amounts corresponding to a blood flow of 0.01-0.05 ml/g/min may be due to its diffusion into these structures from the cerebrospinal fluid. There exists a relatively sharp border between areas affected and those not affected by carotid artery occlusion. The rostral three quarters of the hypothalamus, the lateral thalamus, and the superior colliculi along with all cortical and subcortical structures as well as the telencephalic white matter were ischemic, while the mamillary bodies, medial thalamus, and inferior colliculi along with the remaining cerebellar and brainstem structures had preserved blood flow.
After release of the occlusion, blood flow did not return to control levels; patchy areas of low blood flow were observed for up to 30 minutes of reflow. Even in areas where it was reestablished, blood flow still remained less than control. This early poor reperfusion affected the territory supplied only by the carotid arteries. If blood pressure fell following release of the occlusion, 0.5-1.5 ml dextran 70 was administered; generally < 1.0 ml was infused. This produces hypervolemic hemodilution, with the potential of increasing blood flow in ischemic territories by approximately 15% but with little change in blood flow in nonischemic regions. 13 We must assume, therefore, that the inhomogeneities seen in this study would have been even more dramatic without this hemodilution.
The inhomogeneities in reperfusion disappeared with time. Parallel to the disappearance of the patchy columns of poor reperfusion was a deterioration in blood flow in the territories that were originally well reperfused. This slowly developing homogeneous decrease in blood flow also affected the brainstem and cerebellum, which are primarily supplied by the vertebral arteries and therefore not directly affected by bilateral carotid artery occlusion.
The potential contribution of the no-reflow phenomenon to ischemic brain damage has been widely discussed in the literature, in reference to both cerebral ischemia in general 14 - 16 as well as to the gerbil model in particular.
617 - 21 Our demonstration of early inhomogeneous poor reperfusion indicates that measurement of blood flow values not different from control values in portions of the cortex should not be interpreted as a return to normal of blood flow throughout the brain.
The slowly developing homogeneous deterioration of blood flow is postulated to be caused by generalized brain edema. Low cerebral blood flow either caused by direct vascular occlusion or accompanying the reestablishment of blood flow in areas damaged by global ischemia have been shown to produce brain edema. - 25 Ischemic-postischemic decreases in cerebral blood flow in areas not directly affected by ischemia can also be induced by decreased neural function (diaschisis), although this effect is usually not seen immediately after the ischemic insult. 26 With the data obtained in this study we cannot determine the exact cause of this late decrease in tissue perfusion.
Bilateral carotid artery occlusion can kill gerbils. 518 The survival rate in our experiment continuously dropped during the 30 minutes of occlusion as well as during reflow; only 31% of the gerbils survived 120 minutes of reflow. Despite some improvement in pain, corneal, and eyelid reflexes, etc., no gerbil regained consciousness after occlusion. Improvements in corneal and eyelid reflexes, as well as changes in the size of the pupils after release of the occlusion are difficult to explain. An increase in blood flow to certain structures of the midbrain upon the onset of reflow probably contributed to this improvement. Improvement in the shudder in response to sudden noise reflex with reflow is very interesting since the auditory pathways and their connections with the brainstem reticular formation were not significantly affected by carotid occlusion, at least up to the level of the inferior colliculi ( Figure 3 , Table 1 ). Improvement in the circulation of Corti's organ during reflow may have contributed to the observed changes in this reflex. Restoration of the pain reflexes of the legs and back clearly show a characteristic improvement in the function of certain centra] areas during reflow. Seizures occurred early during occlusion, when blood flow to the forebrain structures was practically nonexistent. There was no correlation between blood flow distribution in the perfused structures and seizure activity. Values are mean±SEM ml/g/min. * f r 1 , 0 . 0 1 , 0 . 0 5 , respectively, different from control, t test with Bonferroni's correction. Significances not calculated for gasping group.
Spontaneous breathing was maintained in all surviving gerbils, ensuring normal blood gas status. Occlusion was followed by a sudden transient increase in blood pressure, whereas release of the occlusion caused a drop in arterial blood pressure, necessitating the administration of dextran 70 to prevent fatal hypotension in some gerbils.
Regional cerebral blood flow values in the control gerbils were relatively high compared with some values in the literature for gerbils and rats. The alert state of our gerbils and our careful control of body temperature may partially explain this apparent discrepancy. In summary, [
14 C]iodoantipyrine autoradiographic measurements of regional cerebral blood flow in unanesthetized gerbils during and after 30 minutes of bilateral carotid artery occlusion revealed three types of defects in tissue blood flow. During occlusion, blood flow to intracranial structures supplied by the carotid arteries practically ceased, whereas blood flow to areas supplied by the vertebral system was basically unaffected. Early during reflow, in areas supplied by the carotid arteries, inhomogeneous reperfusion occurred. Some areas, those along the penetrating branches of the intracranial arteries, had blood flows somewhat below the control level while in other areas, forming columnar and patchy defects, blood flow was close to 0 ml/g/min. Most brain structures supplied by the vertebral system and originally not affected by carotid artery occlusion still had normal or close-to-normal blood flows early during reflow. Approximately 30 minutes after release of the occlusion, the inhomogeneous reperfusion defects disappeared. However, this homogeneous blood flow was much below the control level, and structures supplied by the vertebral system were also involved. This late defect of tissue reperfusion is postulated to be caused by generalized ischemic cerebral edema.
